ABSTRACT Equilibrium molecular dynamics simulation and the Green-Kubo formalism were used to calculate self-diffusion coefficient, shear viscosity, and thermal conductivity for 38 different dipolar two-center Lennard-Jones fluids along the bubble line and in the homogeneous liquid. It was systematically investigated how anisotropy, i.e. elongation, and dipole momentum influence the transport properties. The reduced elongation L * was varied from 0 to 1 and the reduced squared dipole momentum was varied depending on the elongation as follows:
INTRODUCTION
In an accompanying work [1] we report on a comprehensive investigation on self-diffusion coefficient, shear viscosity, and thermal conductivity of twocenter Lennard-Jones plus point quadrupole (2CLJQ) fluids by equilibrium molecular dynamics and the Green-Kubo formalism. In the present work, that investigation is extended to two-center Lennard-Jones plus point dipole (2CLJD) fluids using the same methodology. These two model types are aimed at molecules with different type of polarity, i.e. 2CLJQ models can well be used for quadrupolar fluids such as CO 2 or Chlorine [2] , whereas 2CLJD models are for dipolar fluids such as CO or partly fluorinated alkanes [3] .
Static thermodynamic properties of the 2CLJD fluids have been extensively investigated in the past. There are many results for vapor-liquid equilibria [4, 5, 6, 7, 8] , excess properties [9] , or surface tension [10, 11] . The 2CLJD potential has been successfully applied to modeling real fluids, yielding good results for vapor-liquid equilibria [12, 13, 14, 3] , Joule-Thomson inversion curves [15] , virial coefficients [16] , and recently also for shear viscosity and thermal conductivity of refrigerants [17] . On the other hand, transport properties for this useful model class have not been explored systematically. An exception is the work of Lee and Cummings [18] on shear viscosity using the Stockmayer potential [19] , which is a subgroup (L * =0) of the 2CLJD model fluids investigated
here. The present work aims to fill this gap.
This investigation, as the accompanying one on 2CLJQ fluids, is carried out for state points along the bubble line and in the homogeneous liquid. It covers 38 model fluids, specified each by a certain combination of elongation and dipole momentum. Thermodynamic conditions were selected on the basis of previous work of Stoll et al. [8, 20] on vapor-liquid equilibria of 2CLJD fluids.
As the present work is analogous to the accompanying one on 2CLJQ fluids [1] , redundant information like the Green-Kubo equations is omitted here.
MOLECULAR MODEL
The intermolecular interactions are represented by the two-center LennardJones plus point dipole (2CLJD) potential. The 2CLJD potential is pairwise additive and consists out of two identical Lennard-Jones sites a distance L apart (2CLJ) plus a point dipole of momentum µ placed in the geometric center of the molecule, oriented along the molecular axis connecting the two Lennard-Jones (LJ) sites. It is analogous to the quadrupolar 2CLJQ potential investigated in the accompanying work [1] , only differing in the polar interaction that is a point dipole instead of a point quadrupole. The contribution of a point dipole is given by [21] 
wherein r ij is the center-center distance vector of two molecules i and j. θ i is the angle between the axis of the molecule i and the center-center connection line and φ ij is the azimuthal angle between the axis of molecules i and j.
Finally, ǫ 0 is the electric constant 8.
Analogously to specific 2CLJQ models, a 2CLJD model for a real substance is fully determined by five parameters: σ, ǫ, L, µ [8] and the molecular mass m. In the reduced form also for this model class only two molecular param-eters remain, i.e. reduced elongation L * = L/σ and reduced squared dipole momentum µ * 2 = µ 2 /(4πǫ 0 ǫσ 3 ). Henceforth, "squared" will be omitted in the text for brevity.
Furthermore, all results of this study were obtained and are presented in the reduced form; the definitions are given in the accompanying work [1] . For the sake of brevity, "reduced" will be omitted in the following.
INVESTIGATED MODELS AND STATES
In the present work, 38 different model fluids were studied, where each fluid is fully determined by one combination of elongation L * and dipole momentum For each fluid, three state points along the bubble line were studied from T R =0.6 to 0.9 with temperature increments of ∆T R =0.15. In addition, another nine state points were studied in the homogeneous liquid on three isochores, starting from these three bubble points with temperature increments of ∆T R =0.15, cf. Fig. 1 . This grid is less dense than the one used in the accompanying work on quadrupolar fluids [1] , however, as more model fluids are regarded here, both present roughly the same number of data points.
For quadrupolar fluids critical and bubble densities in terms of ρ * increase monotonously with increasing quadrupole momentum [8] , but dipolar fluids behave different [3] . Fig. 2 illustrates the variation of the bubble density, for three reduced temperatures as a function of the dipole momentum for Stockmayer fluids (L * =0). As can be seen, the critical density, i.e. bubble density at T R =1, increases up to µ * 2 ≈ 3, but decreases for higher dipole momenta. At T R =0.9 and below they are larger than those of non-polar fluids in all cases, where for this temperature a significant maximum of the bubble density at intermediate dipole momenta is present. These tendencies are also found for elongated fluids. The influence of elongation on phase behavior does not differ from that of quadrupolar fluids [1] , i.e. bubble densities decrease monotonously with increasing elongation [8] .
As many of the considerations and technical details of the simulations are the same as those used in the accompanying work [1] , we proceed describing only the differences. Here, the significant long range contributions due to the dipolar interaction were treated with the reaction field technique [23, 24] . Simulations were carried out in the canonical ensemble using the modified equations of motion with a time step of ∆t ǫ/m/σ = 0.001, and the Nose-Hoover thermostat [26, 27] with a thermal inertial parameter of 10 in reduced units.
Statistical uncertainties of the transport coefficients were estimated using the standard deviation of three independent simulations runs with 5 000 independent autocorrelation functions. Independence between correlation functions was achieved with a time span of 0.2 in reduced units between consecutive correlation functions. The convergency issues of self-diffusion coefficient [28] and shear viscosity [29, 30, 31, 32, 33] are discussed in the accompanying work [1] .
The integrals usually converge within their statistical uncertainties at about 1 in reduced units, nevertheless an integration time of ∆t * =2 was used.
RESULTS
In this section, the simulation results for the transport coefficients are presented. Numerical data for self-diffusion coefficient, shear viscosity, and thermal conductivity are given in Table I for spherical fluids (L * =0) with dipole momenta from µ * 2 =0 to 20, for slightly elongated fluids (L * =0.2) with dipole momenta from µ * 2 =0 to 16, and for elongated fluids from L * =0.4 to 1 with dipole momenta ranging from µ * 2 =0 to 12. All data in Table I correspond to state points along the bubble line for reduced temperatures of T R =0.6, 0.75, and 0.9. The complete data set, with nine additional state points in the liquid region for each fluid, is available in [34] and partially included in Figs. 5, 6, 8, 9, 11, and 12. The effects of elongation, dipole momentum, temperature, and density are discussed in the following for each transport coefficient separately.
The accuracy of the calculated transport properties decreases in the sequence self-diffusion coefficient, shear viscosity, thermal conductivity. The high accuracy of the self-diffusion coefficient, with error bars lower than 3 %, is due to its individual nature [35] . Shear viscosity and thermal conductivity show larger uncertainties, that are around 8 and 12 %, respectively. In most simulations of the present work the autocorrelation functions of thermal conductivity decay faster than those for shear viscosity, but fluctuate more.
Other factors that influence the accuracy of the reported data are elongation and dipole momentum. In particular, at low temperatures, for fluids with large anisotropy and strong dipole momentum, the transport coefficients show larger simulation uncertainties.
In the following, the results are discussed for ten selected fluids, covering the whole range of the two molecular parameters, from spherical (L * =0) over elongated (L * =0.505) to strongly elongated (L * =1.0) fluids with varying dipole momentum of µ * 2 =0, 6, 12, and 20. A subset of six fluids is taken in some cases only due to graphical reasons.
Self-diffusion coefficient
Figs. 3 and 4 illustrate the self-diffusion coefficient along the bubble line for ten selected fluids. The results can either be discussed in terms of reduced density ρ R as in Fig. 3 or in terms of number density ρ * as in Fig. 4 . From Fig. 3 it can be seen that the regarded range of reduced density is similar for all fluids, but significant deviations from the principle of corresponding states are present also for the density. At constant T R , it can be discerned that the self-diffusion coefficient always decreases with increasing elongation. The dipole, however, can either decrease or increase the self-diffusion coefficient. A better visibility of the data (which is even more needed for the less accurate properties shear viscosity and thermal conductivity) is obtained when plotted over number density in Fig. 4 . Therefore, this graphical representation is preferred in the following.
As Fig. 4 shows, D * decreases with increasing number density along the bubble line. Self-diffusion coefficients of fully elongated fluids lie roughly along the same line as observed for quadrupolar fluids [1] . To analyze the effect of the dipole momentum, it is helpful to compare the bubble densities of Stockmayer fluids in Fig. 2 , where the influence is most visible, with the corresponding selfdiffusion coefficients in Fig. 4 . The self-diffusion coefficient shows a minimum for Stockmayer fluids with µ * 2 ≈ 6 at all three temperatures. The bubble densities of Stockmayer fluids also show a peculiar behavior: maxima at T R =0.9
and 1 and a point of inflexion at T R =0.6. As the self-diffusion coefficient of non-polar fluids decreases with increasing density, it can be concluded that the isolated effect of the dipole is to increase the self-diffusion coefficient. 
Shear viscosity

Thermal conductivity
Fig . 10 illustrates the thermal conductivity along the bubble line. The thermal conductivity increases with increasing density and more elongated molecules have lower thermal conductivities, similar to quadrupolar fluids [1] . In contrast to quadrupolar fluids, the data for a constant elongation do not lie on a single line here. It can best be seen for Stockmayer fluids that λ * increases strongly with increasing dipole momentum at constant T R . Fig. 11 shows the density dependence of the same ten fluids in the homogeneous liquid at T R =0.9. As can be seen, the curves resemble those along bubble lines, cf. Fig. 10 , demostrating the dominant density effect. Similar results were found for quadrupolar fluids [1] . Fig. 12 shows the weak temperature dependence of λ * through isochoric data for a subset of six fluids. Taking the statistical uncertainties and the scatter into account, hardly any trend can be discerned. This is also in agreement to the findings for quadrupolar fluids [1] .
CONCLUSION
Equilibrium molecular dynamics simulation and the Green-Kubo formalism were used to calculate the self-diffusion coefficient, shear viscosity, and thermal conductivity for 38 different anisotropic and dipolar model fluids. A comprehensive data set was obtained for each fluid and property that covers a substantial part of the liquid state. The statistical uncertainty of the reported data varies according to transport property. For self-diffusion coefficient data it is lower than 3 %, for shear viscosity and thermal conductivity it is around 8 and 12 %, respectively.
It is found that both anisotropy and dipole momentum significantly influence all transport properties along the bubble line. An increasing elongation always leads to lower values, whereas an increasing dipole momentum usually yields higher values. The predominant part of these variations is due to the consid-erable variations in number density along the bubble line caused by L * and µ * 2 . However, peculiar extrema are found, e.g., for the self-diffusion coefficient of fluids with small anisotropy.
Density is the most important thermodynamic variable, however, compared to the findings for quadrupolar fluids [1] , it is less dominating and the influence of the dipole is much stronger.
Temperature influences all transport properties less than density. As expected, for higher temperatures the self-diffusion coefficient increases, the shear viscosity decreases, and for the thermal conductivity hardly any variation can be discerned. 
List of symbols
